Introduction
============

About 75 000 new cases of melanoma were diagnosed in the United States in 2014 and the incidence rate is expected to rise in the next years.^[@bib1],\ [@bib2]^ Early stages can be treated with surgery but advanced tumors are usually highly metastatic and difficult to address, due to the poor response to radio- and chemotherapy. Few treatment options were available until recent years, but this has dramatically changed with the discovery that about 50% of melanomas harbor mutations in the BRAF kinase, which activate the MAPK pathway.^[@bib3]^ Inhibitors blocking mutated BRAF and MEK are now approved for melanoma treatment,^[@bib4]^ but despite high initial response, most patients will develop resistance within 6--8 months.^[@bib5]^ Another major breakthrough was the finding that checkpoint regulators such as CTLA4 and PD-1 are essential for the immune response against melanoma, which is a highly mutagenic and antigenic tumor,^[@bib4]^ and different monoclonal antibodies addressing these targets have been approved.^[@bib4]^ However, cases of intrinsic or acquired resistance are frequently observed and there is still a great need for more effective therapies.^[@bib5]^

At the genetic level, melanoma is extremely complex with thousands of documented alterations, including mutations of BRAF or NRAS^[@bib3],\ [@bib6]^ and aberrant expression of SOX family members,^[@bib7]^ but only a few of these represent driver events. These alterations often affect cellular metabolism, and melanomas can shift from oxidative phosphorylation (OXPHOS) to aerobic glycolysis to meet increased energetic and anabolic needs.^[@bib6]^ This is exacerbated by BRAF mutations as documented by the ensuing reduced number and function of mitochondria, increased glucose uptake and elevated serum lactate levels measured in patients.^[@bib8]^ Enzymes associated with both the glycolytic and the OXPHOS pathways are elevated in early- and late-stage melanomas, suggesting that tumors show high plasticity when it comes to their energy and building block demands.^[@bib6],\ [@bib8]^ Indeed, a number of studies show that non-glycolytic pathways and increased mitochondrial activity are essential for melanoma and that targeting mitochondrial respiration can dramatically inhibit melanoma growth.^[@bib9]^ Energy production by mitochondria is partially controlled by the melanocyte-specific microphthalmia-associated transcription factor (MITF) and the transcriptional cofactor peroxisome proliferator-activated receptor-gamma coactivator-1α (PGC-1α, encoded by the *PPARGC1A* gene), which drive metabolic reprogramming in melanocytes.^[@bib10],\ [@bib11]^ Importantly, this pathway is suppressed by mutated BRAF but can be re-activated by its inhibitor, so that an OXPHOS program can ultimately lead to therapy resistance.^[@bib10]^

Expression regulation of oncogenic players and tumor suppressors by epigenetic mechanisms has been evidenced.^[@bib12],\ [@bib13]^ It is controlled largely by the local chromatin conformation and the interaction between histones and gene regulatory regions. Histone acetylation, which loosens the contact of histones with DNA and is read by bromodomain proteins, is an essential aspect of this regulation.^[@bib14]^ The bromodomain and extra-terminal domain (BET) family protein BRD4 promotes transcription elongation of a number of oncogenes and is essential in numerous tumor types.^[@bib14],\ [@bib15]^ However, BET bromodomain inhibitors are only effective in certain subgroups of solid tumors so that predictive response biomarkers are urgently needed. In melanoma, different levels of anti-proliferative activity are observed for the BET inhibitor I-BET151 *in vitro,*^[@bib16],\ [@bib17]^ but, importantly, the BRAF or NRAS mutational status is not predictive of response.^[@bib18],\ [@bib19]^

In this study, we investigated the impact of BET bromodomain inhibition on epigenetic regulatory elements that define the phenotype and metabolic subtypes of melanoma. We provide evidence for a direct role of BRD4 binding at super-enhancers that drive the expression of PGC-1α and SOX10, a transcription factor involved in melanocyte development. We furthermore found that expression of PGC-1α was associated with the response to BET inhibitors, most likely due to the fact that melanoma cell proliferation relied on elevated levels of PGC-1α to regulate bioenergetic pathways.

Results
=======

BET inhibition has a differential impact on melanoma growth
-----------------------------------------------------------

The newly identified BAY 1238097 ([Figure 1a](#fig1){ref-type="fig"})^[@bib20]^ has a similar BET bromodomain 1 (BD1) binding profile as the established tool compound JQ1^[@bib21]^ and a 3- to 5-fold weaker activity at BET bromodomain 2 (BD2; [Supplementary Table 1a](#sup1){ref-type="supplementary-material"}). The anti-proliferative activity of BAY 1238097 and JQ1 was determined in a panel of 20 melanoma cell lines. Treatment with either compound resulted in similar anti-proliferative effects, giving a broad range of GI~50~ values from below 100 n[M]{.smallcaps} to \>10 μ[M]{.smallcaps} ([Figure 1b](#fig1){ref-type="fig"} and [Supplementary Table 1b](#sup1){ref-type="supplementary-material"}). Representative growth inhibition curves are shown in [Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}. Similarly, a colony formation assay performed with BAY 1238097 showed a strong inhibitory activity in CHL-1 cells, but far less so in SK-MEL-28 cells ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). No correlation was observed between the response to BET inhibitors and the mutation status of *BRAF* or *NRAS*, two oncogenes frequently altered in melanoma ([Supplementary Table 1b](#sup1){ref-type="supplementary-material"}). The BET family member BRD4 was shown to have key roles in maintaining the proliferative state of tumor cells,^[@bib22]^ however its basal expression in melanoma cell lines varied only slightly ([Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}), indicating that this was not determining sensitivity to BET inhibitors either. The impact of BET inhibition on the cell cycle was determined in the sensitive CHL-1 and COLO-792 models following 24 h treatment with 500 n[M]{.smallcaps} JQ1. For both cell lines a decrease of the S phase and an increase of the G0/G1 phase population was observed ([Figure 1c](#fig1){ref-type="fig"}), in accordance with previous findings in other solid tumors.^[@bib21],\ [@bib23]^

PGC-1α-expressing models are enriched in the BET inhibitor-sensitive melanoma subgroup
--------------------------------------------------------------------------------------

Gene expression profiles characteristic of metastatic melanomas have been identified.^[@bib24]^ Also, two melanoma subgroups have recently been defined, based on proliferative vs invasive gene signatures.^[@bib25]^ A comparison of basal gene expression levels (GSE36133)^[@bib26]^ revealed that the vast majority of cell lines we tested, including the CHL-1 and COLO-792 models, had transcriptional signatures characteristic of the melanoma proliferative phenotype ([Figure 1d](#fig1){ref-type="fig"} and [Supplementary Figure 1d](#sup1){ref-type="supplementary-material"}). To quantify the effects of BET inhibitors on gene response, we performed global gene expression analysis of the CHL-1 cell line, which showed the highest sensitivity to BET inhibitors. Cells were analyzed after 4 h treatment with the GI~90~ concentration of BAY 1238097, using Affymetrix microarrays. Gene Set Enrichment Analysis (GSEA) revealed that among the genes downregulated after BAY 1238097 treatment ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}), there was an overrepresentation of proliferative signature genes ([Figure 1e](#fig1){ref-type="fig"}). Genes with significantly reduced expression after BET inhibition included the transcription factors *MYC* (as previously reported)^[@bib27]^ and *SOX10*, a recently identified master regulator of the proliferation phenotype^[@bib25]^ ([Figure 1f](#fig1){ref-type="fig"}). Expression of *HEXIM1* and *BRD2* was markedly upregulated, confirming reports in previous studies ([Figure 1f](#fig1){ref-type="fig"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Most surprisingly, expression of the metabolic regulator PGC-1α was strikingly repressed after 4 h of BET inhibitor treatment ([Figure 1f](#fig1){ref-type="fig"}). Interestingly, elevated expression of PGC-1α, which defines a subset of melanomas with a distinct metabolic profile, was associated with BET inhibitor sensitivity ([Figure 1g](#fig1){ref-type="fig"}). This was not the case for *MYC*, which has been linked to BET inhibitor response in other tumor models,^[@bib23]^ nor for *MITF*, a melanoma oncogene, or for *SOX10* expression ([Supplementary Figure 1e](#sup1){ref-type="supplementary-material"}).

PGC-1α expression is driven by a BRD4-bound super-enhancer
----------------------------------------------------------

We next characterized the epigenetic profile of the BET inhibitor-sensitive CHL-1 cells to identify super-enhancers that can contribute to cell identity.^[@bib28]^ High BRD4 binding densities, together with elevated H3K27 acetylation (H3K27ac) levels, have recently been identified as regulatory hallmarks of genes encoding cell type-specific transcription factors.^[@bib28],\ [@bib29]^ We performed chromatin immunoprecipitation followed by DNA sequencing (ChIP-seq) using antibodies against H3K27ac and BRD4. We found high BRD4 occupancy at H3K27ac-positive enhancers, which was reverted by the BET inhibitors BAY 1238097 and OTX-015, a BET inhibitor currently being evaluated in clinical trials ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}).^[@bib30],\ [@bib31]^ Genome-wide analysis of putative enhancers and corresponding BRD4 signals allowed the identification of 876 super-enhancers in CHL-1 cells ([Figure 2a](#fig2){ref-type="fig"}). Of note, BRD4 occupancy at super-enhancers was recently suggested not to be solely predictive of gene-specific transcriptional activation.^[@bib32]^ This led us to compare the overlap of CHL-1 super-enhancer assigned genes with the early response genes (significantly downregulated after 4 h of BET inhibition) and the melanoma proliferative gene signature. We confirmed that *PGC*-1α and *SOX10* were strong candidates for BRD4-dependent genes ([Figure 2b](#fig2){ref-type="fig"}). A comparison of ChIP-seq profiles revealed a strong enrichment of H3K27ac peaks and BRD4 binding in the *PGC-1α* gene upstream and super-enhancer regions in untreated CHL-1 cells, but not after application of 500 n[M]{.smallcaps} BAY 1238097 or OTX-015 for 4 h ([Figure 2c](#fig2){ref-type="fig"}). BET inhibitor treatment was also accompanied by reduction of H3K27ac at the *PGC-1α* super-enhancer ([Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}). Similarly, ChIP-seq profiles defined a BRD4-bound super-enhancer upstream of the *SOX10* gene ([Supplementary Figure 2c](#sup1){ref-type="supplementary-material"}). Analysis of primary melanoma samples (GSE60666)^[@bib25]^ revealed that the presence of the super-enhancer upstream of the *SOX10* gene correlated with its expression, which defines the proliferative or invasive phenotype of the cell ([Supplementary Figure 2d](#sup1){ref-type="supplementary-material"}).^[@bib25]^ Most importantly, the presence of a super-enhancer upstream of the *PGC-1α* gene was also predictive of its expression in a subset of proliferative, but not in invasive models ([Figure 2d](#fig2){ref-type="fig"} and [Supplementary Figure 2e](#sup1){ref-type="supplementary-material"}).

The impact of BET inhibition on PGC-1α expression was further confirmed by performing a time course study in the sensitive CHL-1 and COLO-792 melanoma models. PGC-1α expression was comparably downregulated by BAY 1238097 and JQ1 in both cell lines from 6 h onwards ([Figure 3a](#fig3){ref-type="fig"}). Also, a time-dependent reduction of PGC-1α protein was observed for both compounds ([Figure 3b](#fig3){ref-type="fig"}). Ectopic expression of PGC-1α partially rescued the anti-proliferative effects of JQ1, as evidenced by measuring the EdU^+^ cell population by flow cytometry in the CHL-1 and IPC-298 cell lines ([Figure 3c](#fig3){ref-type="fig"} and [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). The significant but partial rescue indicates that forced PGC-1α expression can indeed limit the cell response to BET inhibitors, but also that other factors are likely to be involved in the reduction of cell proliferation upon treatment.

BET inhibition reduces mitochondrial function
---------------------------------------------

In poorly metastatic melanoma models, knockdown of PGC-1α leads to upregulation of the WNT, TGF-β and integrin pathways, which are all implicated in metastasis.^[@bib33]^ Importantly, this was not observed in proliferative cells after pharmacological BET inhibition ([Supplementary Figure 4a](#sup1){ref-type="supplementary-material"}). On the other hand PGC-1α is essential for mitochondrial function and thereby influences the metabolic and energetic states of melanoma tumors.^[@bib11]^ It promotes mitochondrial respiration and resistance to oxidative stress in the predominantly OXPHOS subset of melanoma,^[@bib11]^ whereas the subset that relies primarily on glycolysis for energy production generally does not express PGC-1α.^[@bib10]^ In view of the dramatic effects of BET inhibition on PGC-1α expression, we determined whether changes in the cellular energy phenotype ensued. Indeed, a shift towards reduced basal oxygen consumption rate was observed for the sensitive models CHL-1 and G-361, but not for the insensitive models RPMI-7951 and SK-MEL-2 ([Figure 3d](#fig3){ref-type="fig"} and [Supplementary Figure 4b](#sup1){ref-type="supplementary-material"}). Further investigation using the mitochondrial uncoupler carbonilcyanide *p*-triflouromethoxyphenylhydrazone (FCCP) showed that BET inhibition also resulted in diminished maximal respiratory capacity of the mitochondria in sensitive, but not in insensitive cells ([Figure 3e](#fig3){ref-type="fig"} and [Supplementary Figure 4c](#sup1){ref-type="supplementary-material"}).

Mitochondrial function was then examined after 3 days of treatment using the Mitotracker Deep Red dye for detection. Significant signal loss was observed in the BET inhibitor-sensitive CHL-1 and G-361 cells, but there was only a trend in COLO-792 cells. Conversely, no signal loss was seen in the insensitive RPMI-7951 or SK-MEL-2 cells ([Figure 3f](#fig3){ref-type="fig"} and [Supplementary Figure 4d](#sup1){ref-type="supplementary-material"}). However, the CHL-1 cells, which lost around two-thirds of the mitotracker signal, maintained staining with a specific mitochondrial outer membrane antibody, confirming that mitochondria were still present in the presence of inhibitor ([Supplementary Figure 4e](#sup1){ref-type="supplementary-material"}).

BAY 1238097 shows *in* v*ivo* efficacy in melanoma models with high PGC-1α levels
---------------------------------------------------------------------------------

Pharmacokinetic profiling of BAY 1238097 revealed a low clearance and high oral bioavailability ([Supplementary Figures 5a and b](#sup1){ref-type="supplementary-material"}), thereby supporting oral dosing for *in vivo* evaluation. We first selected a patient-derived xenograft (PDX) melanoma model with elevated PGC-1α expression ([Supplementary Figure 6a](#sup1){ref-type="supplementary-material"}). This model, MEXF 1792, was transplanted onto mice, which were then treated daily, orally with 7.5 mg/kg BAY 1238097 (maximal tolerated dose, MTD). Significantly reduced tumor growth was observed (35% treated/control (T/C) tumor volume, *P*=0.03) on day 51 post-start of treatment ([Figure 4a](#fig4){ref-type="fig"}). A marked reduction of PGC-1α in the tumor tissue was confirmed 3 h post treatment ([Figure 4b](#fig4){ref-type="fig"}). We tested an additional PDX model, MEXF 1341, with low PGC-1α expression ([Supplementary Figure 6a](#sup1){ref-type="supplementary-material"}), using the same treatment schedule. Here, no biologically significant anti-tumor activity was observed ([Supplementary Figure 6b](#sup1){ref-type="supplementary-material"}).

The syngeneic PGC-1α-expressing B16F10 mouse melanoma model was then evaluated, due to its strong response to BET inhibition in cell culture ([Figure 1b](#fig1){ref-type="fig"}). Here also, daily oral treatment with 15 mg/kg BAY 1238097 (maximal tolerated dose) led to a significant reduction of tumor growth (36% T/C tumor volume on day 10 post start of treatment *P*\<0.001; [Figure 4c](#fig4){ref-type="fig"}). In a separate experiment, up to two-fold downregulation of PGC-1α gene expression was observed with increasing doses of the inhibitor, when measured 6 h post application ([Figure 4d](#fig4){ref-type="fig"}). Altogether these *in vivo* results further underscore the strong activity of BET inhibitors in PGC-1α-positive melanoma models.

Discussion
==========

Here we provide evidence that elevated PGC-1α expression in melanoma correlates to increased sensitivity to BET inhibitor treatment. Extensive characterization of the responsive models with regard to their epigenetic and bioenergetic status revealed a mechanism by which BRD4-bound super-enhancer elements drove the expression of PGC-1α. Pharmacological inhibition of BRD4 subsequently led to loss of BRD4 from these epigenetic regulatory elements, decreased the expression of PGC-1α, and ultimately resulted in reduced mitochondrial function together with cell cycle arrest. These results were further supported by *in vivo* studies in PDX and syngeneic models of melanoma.

Initial studies with I-BET151 showed that BET inhibition blocked melanoma proliferation and induced apoptosis at high compound concentration.^[@bib16],\ [@bib18]^ We show here that submicromolar BET inhibitor treatment impaired melanoma proliferation preferentially in models expressing PGC-1α. This cofactor interacts with chromatin remodeling and histone acetyltransferase complexes,^[@bib34]^ and is a master regulator of mitochondria biogenesis.^[@bib35]^ We now provide evidence for regulation of cellular bioenergetics dependent on the epigenetic reader BRD4 in melanoma. The transcription factor MITF is overexpressed in melanoma^[@bib19],\ [@bib36]^ and induces PGC-1α expression, thus leading to a shift towards OXPHOS energy production and increased survival of BRAF-driven melanoma.^[@bib10]^ However, we found that neither MITF expression nor BRAF mutation status were associated with BET inhibitor sensitivity ([Supplementary Figure 1e](#sup1){ref-type="supplementary-material"} and [Supplementary Table 1b](#sup1){ref-type="supplementary-material"}).

We propose a model where treatment with a BET inhibitor obviates BRD4 interaction with acetylated histones at super-enhancer regions, thus leading to the shutting-off of specific genes encoding factors with an essential role in melanoma proliferation such as PGC-1α and SOX10 ([Figure 5](#fig5){ref-type="fig"}). This is followed by loss of mitochondrial function, reduced oxygen consumption and presumably oxidative damage, leading to inhibition of tumor cell proliferation. While this is not the only pathway influenced by BET inhibitors, our results suggest that a strong link exists between metabolic response and the epigenetic reader BRD4 in melanoma.

The sensitivity of the OXPHOS subgroup to BET inhibition may be a unique feature linked to the BRD4-dependent epigenetic regulation of the metabolic state in melanoma cancer. A classification of diffuse large B-cell lymphoma based on metabolic signatures has been proposed,^[@bib37]^ but we did not observe an increased response of the OXPHOS subset to BET inhibition (unpublished data). Altogether, these findings further support the essential roles of epigenetics and metabolism crosstalk in various diseases and tumor types.

The present data add an important novel facet to the role of BRD4-dependent super-enhancers in driving master regulators of the bioenergetic pathways and thereby define a subgroup of melanoma cells. Altogether these findings suggest a novel strategy to target metabolic dependencies of melanoma by pharmacological inhibition of BRD4 in PGC-1α-expressing melanoma. Further clinical studies with BET inhibitors^[@bib12]^ should help clarify whether this can indeed be translated to the benefit of melanoma patients.

Materials and Methods
=====================

Reagents, plasmids and cell lines
---------------------------------

The synthesis of BAY 1238097 is described in patent application WO 2014/026997 as example 127. JQ1 and OTX-015 were synthesized in-house. Plasmids were constructed using standard methods (LGC Genomics GmbH, Berlin, Germany). The FLAG-tagged PGC-1α plasmid was constructed by Life Technologies (Ober-Olm, Germany) in the pcDNA 3.1 backbone. Melanoma cell lines were from the American Type Culture Collection (ATCC, Manassas, VA, USA) or the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany), and were routinely grown in the recommended medium in the presence of 10% (v/v) fetal calf serum (Life Technologies) at 37 °C and in 5% CO~2~ atmosphere. Authentication was performed by the DSMZ using short tandem repeat DNA typing analysis. Cell lines were confirmed to be free of mycoplasma (MycoAlert Mycoplasma Detection Assay, Lonza, Cologne, Germany).

BET binding profile
-------------------

Competition binding assays were performed at DiscoverX (Fremont, CA, USA) with purified DNA-tagged BET bromodomains and a universal, immobilized ligand. Details are available under <https://www.discoverx.com/technologies-platforms/competitive-binding-technology/bromoscan-technology-platform>.

Cell viability and colony formation assays
------------------------------------------

The cells were seeded in triplicate in 96-well plates. For the viability assay, they were plated at a density of 3000--5000 cells/well and incubated in culture medium. The next day the culture medium was exchanged to assay medium containing various compound concentrations. Cell viability was measured during the exponential growth phase 3--6 days later using the Alamar Blue assay (Thermo Fisher Scientific, Pinneberg, Germany). Mean GI~50~ values ([Supplementary Table 1b](#sup1){ref-type="supplementary-material"}) were calculated from duplicate or triplicate experiments with GraphPad Prism (GraphPad Software, San Diego, CA, USA). For the colony formation assay, 7500--10 000 cells in their respective medium were diluted 1--8.3 in soft agar and then added to wells pre-coated with 0.6% soft agar. Once the mixture had solidified at room temperature, 50 μl growth medium was added. The medium was exchanged to assay medium containing various compound concentrations the following day. Colony formation was measured after 7 days using the CellTiter 96 Aqueous assay system (Promega, Mannheim, Germany).

Gene expression analysis
------------------------

Cells were grown to 80% confluence in six-well culture dishes. RNA was purified after cell lysis using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) before preparing complimentary DNA using the Superscript III reagents (Thermo Fisher Scientific) or the RT2 First Strand kit (Qiagen). Samples were then analyzed by quantitative PCR, either with TaqMan probes (Life Technologies, BRD4, Hs04188087_m1; PGC-1α, Hs01016719_m1; HPRT1, 4326321E) or RT2 Custom Profiler Arrays (Qiagen, BRD4, PPH15694; PGC-1α, PPH00461; HPRT1, PPH01018; RPLP0, PPH21138; B2M, PPH01094). Ct values and fold-changes were determined from triplicate experiments using standard protocols. Relative quantification was performed after normalization to housekeeping genes.

For time course assays, CHL-1 and COLO-792 cells were treated with BAY 1238097 (1 μ[M]{.smallcaps}) or JQ1 (1 μ[M]{.smallcaps}) prior to harvest. For gene expression analysis of tumor samples, slices were homogenized and total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen). Samples were analyzed using the TaqMan probes above, except for the murine B16F10 samples, which were analyzed with mouse-specific TaqMan probes: PGC-1α, Mm01208835_m1; HPRT1, Mm03024075_m1. Gene expression profiles of PDX models were determined by Affymetrix Inc. Technology (Lahr, Germany).

Western blot analysis
---------------------

Cells were grown to 80% confluence in six-well culture dishes, and lysed in 100 μl RIPA lysis buffer supplemented with complete protease inhibitor cocktail (Roche, Mannheim, Germany). Lysates were clarified by centrifugation (13 200 *g*, 15 min, 4 °C). The supernatant was transferred to a new tube, and protein levels were quantitated with the BCA method (Thermo Fisher Scientific). About 30--60 μg total protein was analyzed using SDS--PAGE (Nu-PAGE 4--12% Bis-Tris protein gels) and western blotting with anti-PGC-1α (ST1202, Millipore, Darmstadt, Germany) and anti-β-actin (Sigma, St Louis, MO, USA). The anti-FLAG M2 monoclonal antibody F3165-5MG (Sigma) was used to monitor protein levels after transfection. A goat-anti-mouse (IRDye800CW, LI-COR Biosciences, Bad Homburg, Germany) or goat-anti-rabbit (IRDye680LT, LI-COR Biosciences) secondary antibody was used for detection with the help of an Odyssey Fc system (LI-COR Biosciences).

Microscopy
----------

For detection of functional mitochondria, cells were seeded into eight-well chamber slides (Millipore) at 2000--4000 cells/well in 500 μl media and incubated overnight at 37 °C and 5% CO~2~. The cells were treated with BAY 1238097 (1 μ[M]{.smallcaps}) or JQ1 (1 μ[M]{.smallcaps}) for 72 h. Mitotracker Deep Red (100 n[M]{.smallcaps}, Invitrogen, Karlsruhe, Germany) was added for 20 min before fixing with 3.7% formaldehyde for 15 min at 37 °C. Fixed cells were washed with phosphate-buffered saline (PBS) and permeabilized with cold acetone for 5 min. After washing four times with PBS, the slides were incubated with 300 n[M]{.smallcaps} DAPI for 5 min. The cells were then washed and sealed with coverslips and Vectashield mounting medium (Vector Labs, Burlingame, CA, USA). Mitotracker and DAPI staining were visualized using an LSM700 confocal microscope (Zeiss, Berlin, Germany), with a × 20 objective utilizing separate 405 and 647 nm laser excitation wavelengths. Quantitation was performed using ImageJ software (National Institute of Health, Bethesda, MD, USA). Total mitochondria staining intensity in a specified area was divided by the total count of nuclei within the same area. Data are represented as the mean signal in two replicates relative to DMSO-treated cells, ±s.e.m., with 90--200 cells quantitated per treatment group.

To evaluate the presence of mitochondria, CHL-1 cells were seeded and treated as above. Cells were incubated with 3.7% formaldehyde in PBS for 15 min, washed with cold PBS and permeabilized with 0.5% Triton X-100 in PBS for 10 min. After washing three times with PBS, cells were blocked in 1% BSA in PBS with 0.02% Tween 20 (BSA--PBST) for 30 min before incubating them with anti-TOMM 20 antibody (ab56783, Abcam, Cambridge, UK) in BSA--PBST for 1 h. They were washed three times with PBST, followed by incubation with Alexa Fluor 555-conjugated anti-mouse secondary antibody (Invitrogen) for 1 h. After three washes with PBST, slides were prepared and visualized as above, utilizing separate 405 and 555 nm laser excitation wavelengths.

Cellular bioenergetics analysis
-------------------------------

Extracellular flux analyses were performed using the Seahorse XF96 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA). Tissue culture plates were seeded at 20 000--30 000 cells/well. When fully attached, the cells were treated with BAY 1238097 (1 μ[M]{.smallcaps}) or JQ1 (1 μ[M]{.smallcaps}). After 20 h, mitochondrial function and mitochondrial stress in response to BAY 1238097 were determined using the XF Mito Stress Test Kit (Seahorse Bioscience), which measures key parameters of mitochondrial function including basal respiration, ATP production and respiratory capacity. To this end, cell medium was changed for non-buffered Dulbecco's modified Eagle's medium (DMEM) containing 8.3 g/l DMEM (Sigma), 2 m[M]{.smallcaps} GlutaMAX (Invitrogen), 5 m[M]{.smallcaps} glucose (Sigma), 63.3 m[M]{.smallcaps} NaCl (Sigma) adjusted to pH 7.4 with NaOH. The drugs were injected at a final concentration of 1 μ[M]{.smallcaps} oligomycin, 0.5 μ[M]{.smallcaps} FCCP, 1 μ[M]{.smallcaps} rotenone and 1 μ[M]{.smallcaps} antimycin A. All treatment conditions were analyzed with six replicates. oxygen consumption rate and ECAR values were normalized to cell numbers, which were determined following staining with Cyquant (Life Technologies).

Chromatin immunoprecipitation
-----------------------------

CHL-1 cells were treated for 4 h with 500 n[M]{.smallcaps} BAY 1238097 or OTX-015 prior to cross-linking and harvest. One 15 cm cell culture dish with 80% confluent cells was used per immunoprecipitation. ChIP DNA preparation for sequencing was carried out as described previously^[@bib38]^ with the following changes: cross-linked chromatin was sheared to 200--800 base pair fragments using sonication (30 s on/30 s off, high power, 2 × 7.5 min with a water bath change between the two cycles) in a Bioruptor sonicator UCD-200 (Diagenode, Liège, Belgium). About 1.5 μg antibodies (anti-BRD4 (A301-985A100, Bethyl Labs, Montgomery, TX, USA); anti-H3K27ac (Diagenode, C15410174)) were used per immunoprecipitation. DNA was purified using a PCR purification kit (Qiagen), followed by library preparation and genome-wide sequencing. In brief, samples were analyzed on a 2100 bioanalyzer using the DNA high sensitivity assay. Concentration was determined using a High Sensitivity DNA Kit. End repair and phosphorylation, and ligation of TrueSeq index adapter and amplification before subjection to sequencing (HiSeq Sequencing System) were done according to the TrueSeq ChIP Sample Preparation Guide (Illumina, Munich, Germany). Sequencing data are available in the GEO database with the accession number GSE95585.

Fluorescence-activated cell sorting and rescue analysis
-------------------------------------------------------

CHL-1 or IPC-298 cells were seeded 24 h prior to transfection. Plasmid DNA was transfected using Lipofectamine LTX with Plus reagent (Life Technologies). Cells were co-transfected using a human FLAG-tagged PGC-1α or empty vector, and TagGFP vector (pTagGFP-C, Xia 2000, Evrogen, Heidelberg, Germany). Transfection conditions were optimized by monitoring fluorescence by microscopic analysis and FLAG-tagged PGC-1α levels by western blot analysis. For the flow cytometry analysis, transfected cells were treated with JQ1 for 24 h and stained using the EdU-staining kit (Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit). Cells were subjected to 10 μ[M]{.smallcaps} EdU 4--6 h before staining, washed with cold PBS, detached using Trypsin/EDTA solution (Biochrom, Berlin, Germany), re-suspended and filtered through a 70-μm mesh (Falcon, Sigma-Aldrich, Taufkirchen, Germany). The EdU^+^ population was determined using the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Life Technologies) and stained with DAPI at 1 μg/ml final concentration for 1 h at 4 °C in the dark, before performing flow cytometry analysis (FACS Canto 2, BD Biosciences, Heidelberg, Germany).

Gene expression profiling of CHL-1 melanoma cells
-------------------------------------------------

Cells were treated with GI~50~ or GI~90~ concentrations of BAY 1238079 before RNA extraction and profiling with Affymetrix HuGene-2.1ST arrays.^[@bib23]^ Data are available in the GEO database under GSE92736. Probe set intensities were condensed to meta-probe set levels in Genedata Expressionist 9.0 using robust multi-array (RMA) algorithm followed by LOWESS normalization. A 2-group *t*-test was used to compare the treatment and control groups. The resulting *P*-values were corrected for multiple testing using the Benjamini--Hochberg correction (BH-q). Genes with a BH-q value \<0.05 and a log~2~ expression fold change of ±0.5 were considered to be significantly altered by the treatment.

Bioinformatics
--------------

Microarray analysis and GSEA were carried out as described.^[@bib23]^ Basal expression levels of genes from the proliferative and invasive melanoma signatures were extracted from GSE36133.^[@bib26]^ Gene signatures of the proliferative and invasive state were derived from unsupervised clustering of clinical melanoma samples and showed a significant overlap with signatures identified previously *in vitro.*^[@bib24]^ Signature gene expression levels for each cell line are shown as box-and-whisker plot in [Supplementary Figure 1d](#sup1){ref-type="supplementary-material"}.

Microarray expression profiling of BAY 1238097-treated CHL-1 cells was used to analyze the enrichment of the two proliferative gene signatures.^[@bib24],\ [@bib25]^ The resulting normalized enrichment score, adjusted *P*-value and false discovery rate were calculated by the GSEA software.^[@bib39]^ Ranking metrics were generated by differences between median log2 normalized expression phenotypes (DMSO (*n*=4) vs treatment with IC~90~ concentration of BAY 1238097 for 4 h (*n*=5)). 1000 gene set permutations were used. The microarray data were deposited under GSE92736. A detailed description of the GSEA methodology and interpretation is provided at <http://www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html>.

For processing of the ChIP-seq data, paired-end genome-wide sequencing data were aligned to the human reference genome (assembly hg19) using Bowtie2 software,^[@bib40]^ and sorted and indexed using SAMtools.^[@bib41]^ Peak calling was done using the model-based analysis for ChIP-seq (MACS2) software. Broad peaks from H3K27ac were called using MACS2 broad mode. MACS2 was used to generate enrichment pileups (log likelihood ratio (logLR)) of treatment vs input control samples. A pseudocount of 0.00001 was added to avoid log~10~(0) during logLR calculation. ChIP-seq tracks were generated using the Integrative Genomics Viewer software.^[@bib42],\ [@bib43]^ Heatmaps and line plots were generated using the seqplots software (<http://przemol.github.io/seqplots>). The ChIP-seq data were deposited under GSE95585.

The rank ordering of super-enhancers (ROSE) script^[@bib28],\ [@bib44]^ was used to generate stitched enhancers and to separate super-enhancers from typical enhancers. Putative enhancers of close proximity (no further than 12.5 kb from one another) were stitched. Active putative enhancers were identified using the H3K27ac data set. The 2.5 kb region around the transcriptional start site of each gene was excluded from the calculation. BRD4 read density was normalized based on read density in the input control and sorted by signal. This resulted in the generation of two groups of enhancers, namely super-enhancers and typical enhancers. Super-enhancers were assigned to their closest coding gene using PeakAnalyzer v1.4.^[@bib45]^ Gene annotation was done using Homo_sapiens.GRCH37.64 as reference. This method has been shown to be accurate for super-enhancer assignment.^[@bib28]^

Animal studies
--------------

All *in vivo* experiments were discussed and approved by the internal animal welfare committee of the company, which included an ethical evaluation of the proposed procedures. Official permission was granted by the Governmental Animal Care and Use Office (Landesamt für Gesundheit und Soziales, Berlin, Germany). The studies on the PDX model were performed at Oncotest GmbH (Freiburg, Germany) and performed with patient consent. All experiments and protocols were approved by the Oncotest animal welfare body and the local authorities including the Governmental Animal Care and Use Office, and conducted according to all applicable international, national and local laws and guidelines. The PDX models MEXF 1792 and MEXF 1341 were derived from surgical specimens of melanoma patients and maintained in mice by serial passage. After removal from donor mice, tumors were cut into fragments (4--5 mm diameter) and implanted subcutaneously into the flank of NMRI *nu/nu* female mice (aged 5--7 weeks, Harlan Laboratories, Ittingen, Switzerland). Tumors were allowed to grow and treatment was initiated in animals distributed into groups, so that each randomized group contained a comparable group mean and median tumor volume of \~100--120 mm^3^ (*n*=10). The syngeneic mouse melanoma model B16F10 was inoculated in 0.1 ml DMEM/Ham's F12 medium (0.5 × 10^6^ cells) in C57BL/6 female mice (aged 10 weeks, Charles River, Worcester, MA, USA, *n*=12/group), and treatment was initiated on day 3 post tumor inoculation. No statistical methods were used to define the sample size of the *in vivo* studies. Depending on the studies, BAY 1238097 was dissolved in 0.9% NaCl in water, pH 4 or in 30% HPβ-CD in 0.2% NaCl in water, pH 7. It was administered orally, daily (10 ml/kg) at its maximal tolerated dose (7.5 or 15 mg/kg/day). In all studies, body weight was monitored as a measure for treatment-related toxicity. Tumors were measured by caliper at regular intervals by investigators who were not blinded to the treatment groups, and tumor volume was calculated according to the formula: (length × width × width)/2. The ratio treated/control tumor size was calculated at the end of the study according to the formula: %T/C=(mean tumor volume or weight of treatment group/mean tumor volume or weight of vehicle control group) × 100. For the studies in patient-derived models where treatment was started in mice bearing advanced tumors, individual relative tumor volumes were used to calculate the mean tumor volume, according to the following formula: relative tumor volume=(tumor volume on day of calculation/ tumor volume on day of start of treatment) × 100. Biologically significant activity was declared for %T/C\<42% in agreement with the National Cancer Institute (NCI) criteria. All animals were included in the analysis, although some animals in the vehicle control groups were killed due to large tumor size before the final day of the study. In addition, tumor samples were collected for gene expression analysis at the end of the studies.

In the B16F10 study, where the effect of BAY 1238097 on tumor PGC-1α expression was evaluated in a dose response, animals bearing tumors of about 100 mm^3^ were distributed into five different groups (*n*=3 per group). BAY 1238097 (3.75, 7.5, 15 or 30 mg/kg) or vehicle was applied orally once and tumors were sampled 6 h post treatment.

Due to ethical considerations, no studies were initiated in mice using cell lines that showed a poor response to BET inhibitors in cell culture.

Statistics
----------

GraphPad Prism software was used for statistical analysis. A two-tailed *t*-test was performed to compare between two groups (two-group comparisons). In the cases where the variance was found to be unequal between the two groups, a Welch's corrected unpaired *t*-test was applied. For these instances, the *P*-value remained ⩾0.05 with or without the correction. For the comparison of more than two groups, one-way Analysis of variance followed by Sidak's multiple comparison test (pairwise comparisons) was used. For the *in vivo* studies, tumor weights were Log-transformed and a two-tailed *t*-test was performed between the BAY 1238097-treated group and the vehicle group. *P*\<0.05 (\*) was considered to indicate a statistically significant difference, *P*\<0.0001 is reported as \*\*\*\**P* 0.0001---0.001 is reported as \*\*\**P* 0.001---0.01 is reported as \*\**P* 0.01---0.05 is reported as \**P*⩾0.05 is reported as (not significant) 'NS'.
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![Differential *in vitro* impact of BET inhibitors on melanoma models. (**a**) Chemical structure of BAY 1238097. (**b**) Color-coded ranking of GI~50~ values of BAY 1238097 and JQ1. (**c**) Cell cycle distribution following JQ1 treatment for 24 h. (**d**) Comparison of proliferative and invasive transcriptional signatures^[@bib25]^ of CHL-1 and COLO-792 cells. Data are from GSE36133.^[@bib26]^ Whiskers denote min to max. (**e**) Enrichment plot of proliferative signatures comparing the phenotypes of DMSO-treated control (*n*=4) and BAY 1238097-treated (*n*=4) CHL-1 cells. (**f**) Heatmap of differential gene expression following BAY 1238097 GI~90~ treatment of CHL-1 cells for 4 h. (**g**) Comparison of PGC-1α gene expression between sensitive (*n*=15) and insensitive cells (*n*=5) classified according to the data shown in **b**. Levels were normalized to expression in normal human epidermal melanocytes. Whiskers denote min to max. FDR, false discovery rate; NES, normalized enrichment score.](onc2017325f1){#fig1}

![BRD4-bound super-enhancers define gene regulatory regions of PGC-1α and SOX10 phenotype master regulators. (**a**) Dot plot showing putative enhancers ranked by normalized BRD4 signal (BRD4 signal---input signal in r.p.m./bp). (**b**) Venn diagram showing the overlap of downregulated, super-enhancer and proliferative signature genes. (**c**) ChIP-seq tracks of H3K27ac and BRD4 of DMSO- or BET inhibitor-treated CHL-1 cells (4 h, 1 μ[M]{.smallcaps}) at the PGC-1α super-enhancer. Enrichment of signal is presented as log likelihood ratio (logLR) over background signal. (**d**) H3K27ac ChIP-seq tracks of proliferative or invasive primary melanoma cells at the PGC-1α super-enhancer (data from GSE60666).^[@bib25]^](onc2017325f2){#fig2}

![BET inhibitor-dependent downregulation of PGC-1α expression affects mitochondrial function, oxygen consumption rate and proliferation of OXPHOS melanoma cells. (**a**) Time-dependent response of PGC-1α gene expression to BET inhibition. After normalization to housekeeping genes, the control DMSO treatment group of each cell line was set to a value of 1. Gene expression at each time point was normalized to the control. Data are shown as the mean+s.e.m. of three replicates. (**b**) Time-dependent reduction of PGC-1α, as determined by western blot analysis. Neither protein was detectable at any time point in SK-MEL-2 or in RPMI-7951 cells, despite long exposure times (data not shown). Results are representative of triplicate experiments. (**c**) Overexpression rescue experiments. Transfected CHL-1 cells were treated with JQ1 for 24 h and subjected to 10 μ[M]{.smallcaps} EdU 4--6 h prior to staining. The EdU-positive cell population was analyzed by flow cytometry. Representative results from a single experiment are shown as well as the mean values obtained in three independent experiments. \**P*\<0.05% in *t*-test. Numerical results were normalized to the DMSO-treated control sample. (**d**) Determination of OCR and ECAR (an indirect measure of glycolysis) using a Seahorse analyzer to visualize the energy phenotype profile following BET inhibitor treatment (1 μ[M]{.smallcaps} for 20 h). Data are represented as mean±s.d. of three separate experiments, each measured six times. (**e**) Determination of OCR using a Seahorse analyzer following consecutive injections of oligomycin (1 μ[M]{.smallcaps}), FCCP (0.5 μ[M]{.smallcaps}) and antimycin A (1 μ[M]{.smallcaps})/rotenone (1 μ[M]{.smallcaps}). The plots are representative of two independent experiments, each measured six times. (**f**) Microscopy analysis and quantification of mitochondrial function. Red signal indicates Mitotracker Deep Red dye staining of functional mitochondria, while nuclei (blue) are visualized following DAPI staining. Images shown are representative of two independent replicates. The scale bar indicates 20 μm. Data are represented as the mean Mitotracker signal compared to DMSO-treated cells, +s.e.m. ECAR, extracellular acidification rate; OCR, oxygen consumption rate.](onc2017325f3){#fig3}

![PDX and syngeneic mouse melanoma models exhibit sensitivity to BAY 1238097 related to downregulation of PGC-1α expression. (**a**) Mean tumor volume (±s.e.m.) of PDX model MEXF 1792 during treatment with vehicle or BAY 1238097 (7.5 mg/kg p.o.). Vehicle-treated mice with high tumor burden were killed before the final day of the study, as shown by the '*n*' value over the vehicle group curve. (**b**) PGC-1α gene expression in MEXF 1792 samples from **a**, reported as the mean+s.e.m. relative to the vehicle control group (treated samples *n=9*, control samples *n=7*). Tumor samples were harvested 6 h post treatment on day 56. (**c**) B16F10 mean tumor volume (±s.e.m.) during treatment with vehicle or BAY 1238097 (15 mg/kg p.o.). (**d**) Dose-dependent reduction of PGC-1α gene expression in BAY 1238097-treated B16F10 tumors, 3 h post treatment. Gene expression results are shown relative to the vehicle-treated control group as the mean+s.e.m. of three tumor samples per dose.](onc2017325f4){#fig4}

![Model of BRD4-bound super-enhancer defining a 'PGC-1α high' subgroup of proliferative melanoma cells. PGC-1α suppresses the metastatic character of melanoma cells (PGC-1α high vs PGC-1α low), while promoting mitochondria biogenesis and protecting from oxidative stress. Pharmacological blockade of PGC-1α expression by BET inhibition leads to downstream loss of mitochondrial function and reduced OXPHOS, ultimately resulting in impaired cell proliferation. This does not induce WNT, TGF-β and integrin pathway activity,^[@bib33]^ which could otherwise promote a switch from a proliferative to an invasive phenotype.](onc2017325f5){#fig5}
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